Cancer-associated human papillomaviruses (HPVs) express E6 oncoproteins that target the degradation of p53 and have a carboxy-terminal PDZ ligand that is required for stable episomal maintenance of the HPV genome. We find that the E6 PDZ ligand can be deleted and the HPV genome stably maintained if cellular p53 is inactivated. This indicates that the E6-PDZ interaction promotes HPV genome maintenance at least in part by neutralization of an activity that can arise from residual undegraded p53. P apillomaviruses induce benign squamous epithelial neoplasms (papillomas) in vertebrates, and the viral DNA genome is maintained as a plasmid within the papilloma. Some virally induced papillomas may evolve over time to produce malignancies (reviewed in reference 1); this typically occurs after many months of chronic infection. Thus, human papillomavirus (HPV) genome maintenance is important to the development of malignancy.
P
apillomaviruses induce benign squamous epithelial neoplasms (papillomas) in vertebrates, and the viral DNA genome is maintained as a plasmid within the papilloma. Some virally induced papillomas may evolve over time to produce malignancies (reviewed in reference 1); this typically occurs after many months of chronic infection. Thus, human papillomavirus (HPV) genome maintenance is important to the development of malignancy.
Cancer-associated HPV types are termed "high-risk" HPV. This group expresses virally encoded E7 and E6 oncoproteins that target the degradation of cellular retinoblastoma family proteins and the p53 tumor suppressor, respectively (reviewed in references 2 and 3). The high-risk E7 oncoprotein associates with and targets the degradation of all three retinoblastoma protein (RB) family members, thereby inducing the stabilization of p53 (4) and sensitization of infected keratinocytes to apoptosis and autophagy (5, 6) . Although p53 is stabilized, it remains transcriptionally inactive in E7 transduced cells (7) .
The alpha genus HPV E6 proteins, both high and low risk, bind to an LXXLL motif (LQELL) on the cellular E3 ubiquitin ligase E6AP (8, 9) . The high-risk type E6-E6AP complex then recruits and ubiquitinates p53, leading to its proteasome-mediated degradation (10, 11) .
In addition to the targeted degradation of p53, high-risk E6 oncoproteins contain a short peptide sequence at the carboxy terminus that associates with a subset of cellular proteins that contain PDZ domains. The proteins bound by the E6 PDZ binding motif (termed PBM) are diverse and include the human homologues of Drosophila tumor suppressor scaffold proteins DLG (12) and SCRIB (13) , tyrosine phosphatases PTPN3 (14) and PTPN13 (15) , and multiple other scaffolding proteins implicated in epithelial polarity, membrane trafficking, and cell signaling (16) (17) (18) (19) (20) . The E6 PBM is subject to phosphorylation and then cytoplasmic tethering to 14-3-3 proteins (21). High-risk E6 can target the degradation of bound cellular PDZ proteins in vitro and in vivo, which has been associated with many phenotypes, including altered epithelial differentiation in transgenic mice (22, 23) , reduced growth factor dependence in human keratinocytes (14) , promotion of the epithelial to mesenchymal transition (24) , and cooperation with ras to induce anchorage-independent colony formation (15) . In the context of the entire HPV genome, deletion of the E6 PBM causes loss of the viral plasmid upon cell passaging (25) . The capacity of high-risk E6 to target the degradation of p53 and the observed targeted degradation of cellular PDZ proteins in vitro have suggested that the role of E6 PDZ associations is to target particular PDZ proteins for degradation during the viral life cycle; however, which interactions of E6 with cellular PDZ proteins are directly related to HPV genome episomal maintenance has remained obscure.
HPV genomes transfected into either primary or immortalized keratinocyte cell lines replicate and are maintained as plasmids during prolonged cell culture. Mutation of viral E6 and E7 genes in the context of the HPV genome has had varied effects upon plasmid maintenance depending upon the cell system employed. High-risk HPV type 31 (HPV-31) genomes containing E6 truncation or missense mutations replicate transiently, but only the wild-type genome was stably maintained as an episomal plasmid in primary keratinocytes; similar mutations in E7 also resulted in loss of high-risk HPV-31 plasmid maintenance (26) . Interestingly, truncation mutations of both E6 and E7 simultaneously allowed for the maintenance of the HPV genomes in primary keratinocytes, whereas single mutation of E6 or E7 alone did not, leading to the hypothesis that unbalanced expression of E6 or E7 expression leads to loss of the HPV plasmid (27) . In addition to primary keratinocytes, a nontransformed keratinocyte cell line termed NIKS can also maintain transfected alpha genus HPV DNA as episomes in prolonged culture; NIKS cells are of near-normal gross karyotype, are feeder cell and growth factor dependent, produce normal appearing squamous epithelium, and support the full HPV life cycle (28) (29) (30) . In NIKS cells, deletion of the HPV-16 E6 PBM leads to the loss of genome maintenance (31) .
Since alpha genus high-risk E7 oncoproteins invariably target RB, and high-risk E6 oncoproteins invariably target p53 degradation, we hypothesized that the PDZ ligand function of E6 genetically served the function of neutralizing some effect of p53. In papillomavirus-infected cells, residual undegraded p53 has been observed (32, 33) , and some papillomavirus-containing head and neck tumors induce p53-responsive genes when irradiated, which can be reduced by small interfering RNA (siRNA) against p53 (34) . We have found that further reduction of p53 in keratinocytes attenuates the requirement of the E6 PBM for the stable plasmid maintenance of high-risk viral genomes.
To investigate the role of the E6 PBM in episomal genome maintenance, two different E6 mutants were constructed within the entire HPV-16 genome: a premature stop codon at amino acid 12 of E6 (HPV-16_E6_X12) to ablate all forms of E6, and a premature stop codon at amino acid 150 of E6 that deletes the last two amino acids from 16E6, thereby ablating the E6 PBM (HPV-16_E6⌬PBM). Because high-risk HPV transfection immortalizes keratinocytes through the expression of E6 and E7, there is selection for maintenance of the genome in primary keratinocytes, prompting us to examine HPV genome maintenance in the already immortalized cell line NIKS. Three variants of NIKS keratinocytes were prepared: standard NIKS, NIKS transduced with a lentivirus expressing a short hairpin RNA (shRNA) directed against p53, and NIKS transduced with a dominant-negative inhibitory fragment of p53 (genetic suppressor element 56 [GSE56] [35] ). Transduced NIKS cell lines comprised of pooled drug-resistant cells were selected prior to transfection with the wild-type (WT) HPV-16 genome or with genomes with mutations in E6 (HPV-16_E6_X12 or HPV-16_E6⌬PBM). HPV-16 genomes were cleaved from bacterial sequences and religated under dilute conditions to recircularize the genome, before cotransfection with a neomycin resistance expression plasmid into each of the three NIKS cell lines followed by drug selection for 4 days. Pooled colonies were passaged for 8 weeks without neomycin before concurrent harvesting for preparation of total cell DNA. Figure 1 shows results of Southern blot analysis of the three indicated NIKS cell lines that were each transfected with HPV-16 (WT), HPV-16_E6_X12 (E6_X12), or HPV-16_E6⌬PBM (E6⌬PBM) (9 cell lines). Total cellular DNA preparations were either left alone, cut with NcoI that cuts HPV-16 once or cut with HindIII that does not cut HPV-16. Lanes 14 to 16 show a Hirt lysate sample derived from NIKS cells transfected with WT HPV-16 to serve as a marker of episomal HPV-16. All three blots shown were hybridized simultaneously with a common probe, washed, and exposed concurrently. Figure 1 demonstrates that wild-type HPV-16 replicated episomally in NIKS, NIKS-p53_shRNA, and NIKS-p53_GSE56 cells and that HPV-16_E6_X12 was not present episomally in any of the NIKS cell lines. HPV-16_E6⌬PBM was not maintained in NIKS cells but was maintained as an episomal plasmid in both NIKS_GSE56 and NIKS_p53_shRNA cells after 8 weeks of cell culture.
It was possible that deletion of the E6 PBM rendered E6 less stable, and thus resulted in loss of the HPV-16_E6⌬PBM genome. A recent report showed that E6 with the PDZ motif deleted is unstable and that E6 association with PDZ domain proteins such as SCRIB increased E6 expression (31) . Those results were obtained in transient-expression experiments, and the E6⌬PBM mutant employed in that study deleted 4 amino acids from the C terminus of E6. In this study, we deleted only the last 2 amino acids of E6; we have previously shown that under stable expression conditions, 16E6 WT and 16E6⌬PBM expression levels in NIKS cells are the same (36) . In both NIKS cells or NIKS cells expressing GSE56, E6 targeted the degradation of p53 (data not shown).
The finding that repression of p53, through either shRNA or dominant-negative GSE56 expression, can promote the stable ep- , and NIKS cells transduced with a retrovirus expressing a dominant-negative p53 (GSE56 [35] ). Each of the three NIKS cell lines were transfected with the indicated HPV-16 genomes as indicated above the blots: wild-type (WT) HPV-16, HPV-16 with a premature stop codon at amino acid 12 of E6 (E6_X12), and HPV-16 with a premature stop codon at amino acid 150 of E6 that deletes the last two amino acids of E6, thereby ablating the PDZ ligand (E6⌬PDZ). The bacterial sequences were excised, the HPV genomes were recircularized and transfected into the three indicated NIKS cell lines together with a plasmid conferring resistance to G418, and the cells were selected for drug resistance for 4 days. Surviving pooled drug-resistant cell colonies were then passaged 1 or 2 times per week without further drug coselection for 8 weeks before isolation of total cellular DNA. isomal replication of HPV-16_E6⌬PBM is perhaps not surprising, given that the presence of an E6 PBM is invariably found in highrisk genomes where E7 proteins target RB degradation and thereby stabilize p53 and is never found in low-risk alpha genus HPV types. Our results also imply that since elimination of p53 function by shRNA or GSE56 can rescue the episomal replication of HPV-16_E6⌬PBM, HPV-16_E6⌬PBM would be better maintained in cells if the E6⌬PBM protein could more fully neutralize p53. This then implies first that E6_⌬PBM is defective in degradation of some biologically active form of p53 that WT E6 can degrade or that PDZ interaction with E6 neutralizes some biological activity of p53 that is independent of the degradation of p53. Further, the absence of stable plasmid maintenance of HPV-16_E6X12 in either NIKS-p53_GSE56 or NIKS-p53_shRNA cells implies that there are E6 functions that promote stable plasmid maintenance that are independent of p53 neutralization.
It is unclear from our experiments whether HPV-16_E6⌬PBM genomes are lost immediately or progressively during cell passaging, but this has been addressed in a recent publication from the Roberts laboratory, which demonstrated that HPV-18 genomes where PBM is deleted from E6 are maintained episomally in early passage transfected keratinocytes, but progressively lost upon cell passaging (37) . It is also possible that there could be differences in outcome had our experiments been conducted in primary keratinocytes instead of NIKS cells, where HPV oncogene expression is not necessary for NIKS immortalization.
Our findings give rise to a number of interesting questions. Does deletion of the E6 PBM cause a quantitative difference in the ability of E6 to degrade all forms of p53 in the cell or cause a qualitative difference in the ability to degrade one or more particular p53 isoforms, localizations, or modifications? Does the activity of the wild-type E6 to support genomic maintenance compared to the E6⌬PBM mutant require association with a particular PDZ binding partner or with 14-3-3 or both? Although high-risk type E6-PDZ associations have numerous consequences, which consequences are both necessary to the viral life cycle and unrelated to p53? 
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